INTRODUCTION {#s1}
============

Lung cancer remains the leading cause of cancer-related deaths and despite extensive research efforts, the survival rate of lung cancer patients remains significantly low \[[@R1], [@R2]\]. Even though new immunotherapy methods and improved surgical techniques have been introduced, lung cancer remains a significant therapeutic challenge \[[@R3]--[@R5]\]. Emerging evidence indicates that lncRNAs present in the lung tumor microenvironment promote tumor growth through cancer cell remodeling that favors immunosuppressive metastasis \[[@R6], [@R7]\]. These decisive tumor propagating effects of lncRNA permit tumor cells to bypass immune surveillance and reduce T-cell infiltration into tumor, limiting the clinical benefits of immune checkpoint therapies \[[@R8]--[@R10]\].

LncRNAs are a type of noncoding RNAs longer than 200 nucleotides in length which are involved in several cellular process including cell division, metabolism, proliferation, apoptosis, and differentiation \[[@R11]--[@R13]\]. Recent reports show that lncRNAs can act as oncogenes or tumor suppressors in malignant tumors through transcriptional regulation of gene expression, recruitment of chromatin-remodeling complexes and interaction with miRNAs or mRNAs \[[@R14], [@R15]\]. Increasing evidence reveals that intratumoral lncRNA levels correlate with tumor progression and metastasis through tumor microenvironment remodeling \[[@R16], [@R17]\].

Fibroblasts which play a key role in this mechanism, constitute most of the stromal cells in tumor tissues, secrete a wide spectrum of chemokines or cytokines to the tumor microenvironment, thus promoting growth, invasion, angiogenesis \[[@R18], [@R19]\]. Specifically lncRNAs are released by exospores that can alter this fibroblast phenotype and shift their role from being immunostimulatory to immunosuppressive at various stages of carcinogenesis \[[@R20], [@R21]\]. Tumor cells or immune cells can also release exosomal factors that inhibit or reverse fibroblast maturation and alter their normal function \[[@R22]\]. Especially, fibroblasts can be "educated" by lung cancer cells to mediate immunosuppression and promote tumor growth by stimulating angiogenesis \[[@R23], [@R24]\]. Recent reports describe the presence of tumor promoting microRNAs which have overlapping associations with fibroblast cell function and immune response regulation \[[@R25], [@R26]\]. Immune deregulation in the tumor microenvironment plays a key role in patients survival. Especially, the deregulation of miRNAs and exosomal miRNAs can influence fibroblast differentiation towards a CAF phenotype in the tumor microenvironment \[[@R27], [@R28]\]. CAFs (cancer-associated fibroblasts) are the major components of the tumor microenvironment. Tumor cells appear to transform normal-associated fibroblasts (NAFs) into CAFs involving direct cell-cell communication and epigenetic regulations \[[@R29]\]. Furthermore, fibroblast-derived exosomes induce cancer stem cell expression that contributes to altered tumor metabolism and emergence of chemoresistance in tumor microenvironment \[[@R30], [@R31]\].

In this study we characterize for the first time the role of lncRNA PCAT-1 in Kras-related lung chemoresistance and its role in tumor stroma remodeling via immunosuppressive miR-182/miR217 expression and fibroblast differentiation. Aberrant expression of PCAT-1 in the tumor microenvironment negative regulates p27/CDK6 by inducing G~0~/G~1~ cell cycle arrest and AMPK augmentation, contributing to a tumor-favoring metabolic status. Our findings highlight the crucial relationship between CAFs and PCAT-1 which triggers a CD133/SOX2-related stem cell phenotype and acquisition of cancer cell chemoresistance. PCAT-1 knockdown impaired CAF-mediated stromal fibroblast activation, and tumor-related chemoresistance mechanism through induction of T cell recruitment and activation of IL-13/IL-33-mediated pathway. Overall, these findings demonstrate the multiple roles of PCAT-1 in sustaining lung immunosuppressive metabolism and provide new opportunities for effective inhibition of metastatic lung cancer.

RESULTS {#s2}
=======

Mutant Kras-related chemoresistance is associated with increased expression of lncRNA PCAT-1 in metastatic lung cancer {#s2_1}
----------------------------------------------------------------------------------------------------------------------

Recent studies reveal that PCAT-1 plays a significant role in metastatic tumor progression and acquisition of chemoresistance. However, Kras chemoresistance-related expansion of heterogeneous lncRNA subsets in primary or metastatic sites and their molecular mechanism of interaction within the tumor microenvironment remains unknown. To address this issue, we investigated the expression of PCAT-1 by qRT-PCR in Kras (WT/MT) lung tumor and metastatic lymph node tissues. Findings reveal that expression of PCAT-1 was significantly upregulated in metastatic (Stage III--IV) tumor tissues compared with early stage neoplasia (I--II) tissues ([Figure 1A](#F1){ref-type="fig"}). Furthermore, mutant (MT) Kras samples showed a higher expression of PCAT-1 in relation with wild type (WT) Kras tissues ([Figure 1B](#F1){ref-type="fig"}, Supplementary Table 3). Further investigation of the clinical significance of PCAT-1 expression in patient overall survival (OS) analysis revealed that higher expression of PCAT-1 in LC patients was correlated with short OS ([Figure 1C](#F1){ref-type="fig"}). Kaplan--Meier surviving curves were employed for the analysis of the prognostic potential of PCAT-1 in LC patients. Data show that increased levels of PCAT-1 were closely associated with poor patient prognosis ([Figure 1C](#F1){ref-type="fig"}). Likewise, the relative highest levels of PCAT-1 were detected in chemoresistant patients in advanced stage rather than in chemonaive-responding to chemotherapy regimen- early stage individuals, indicating the critical role of PCAT-1 in tumor propagation ([Figure 1D](#F1){ref-type="fig"}). Additionally, aberrant PCAT-1 expression was observed in chemoresistant Kras (MT) patients in both primary and lymph node metastasis regions in relation to chemonaive wild type Kras individuals ([Figure 1E](#F1){ref-type="fig"}). Taken together, these findings indicate the crucial role of PCAT-1 in establishing Kras-related chemoresistance and its involvement in the metastatic niche.

![Mutant Kras-related chemoresistance is associated with increased expression of lncRNA PCAT-1 in metastatic lung cancer.\
(**A**) Relative PCAT-1 expression levels in early stage (I-II) lung cancer and late metastatic (III-IV) tumor stage using RT-PCR. (**B**) Relative expression of PCAT-1 in Kras wild type (WT) and mutant (MT) lung cancer patients. (**C**) Kaplan-Meier curves of the survival rate of lung cancer patients in groups of PCAT-1 high or low expression levels. (**D**) Relative expression of PCAT-1 in chemoresistant or chemonaive cancer patients. (**E**) Percentage rates of PCAT-1 expression from primary lung cancer or lymph node metastasis biopsy tissues from Kras (WT/MT) patients. The results represent the mean ± SD of three independent experiments. Differences were considered statistically significant at *p* \< 0.05. Statistically significant data are indicated by asterisks (^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01).](oncotarget-11-2847-g001){#F1}

LncRNA PCAT-1 negative regulates p27/CDK6 by inducing G~0~/G~1~ cell cycle arrest through AMPK augmentation {#s2_2}
-----------------------------------------------------------------------------------------------------------

To further investigate whether the chemoresistance-related tumorigenic mechanism of PCAT-1 \[[@R32]\] is associated with metabolism regulation through cell cycle control, we performed cell cycle analysis using flow cytometry. Findings provide evidence that PCAT-1 can regulate tumor cell fate and cell differentiation, by disrupting cell cycle sequence. Moreover, results showed that PCAT-1 promoted G~0~/G~1~cell cycle arrest as shown by the increase of cells in the S phase following transfection with pcDNA-PCAT-1 plasmid ([Figure 2A](#F2){ref-type="fig"}, Supplementary Figure 1). Augmented PCAT-1 expression enhanced the percentage of cells in S phase and decreased the G0/G1-phase percentage. Furthermore, G2/M and S cell population were significantly increased in pcDNA-PCAT-1 overexpressing cells ([Figure 2B](#F2){ref-type="fig"}--[2C](#F2){ref-type="fig"}), implying an important role of PCAT-1 in regulating the G1/S transition. Knockdown of PCAT-1 expression, restored G2/M and S cell cycle levels and rescue cell proliferation. Also, proteins involved in the cell cycle regulation were analyzed by Western blot, and results showed that PCAT-1 increased expression of AMPK/CDK4 whereas negative regulated the levels of p21, p27 and CDK6 respectively ([Figure 2D](#F2){ref-type="fig"}--[2E](#F2){ref-type="fig"}). Interestingly, recently deregulated CDK4/CDK6 levels were closely associated with immune suppression and control of cancer immune surveillance \[[@R33]\].

![PCAT-1 negative regulates p27/CDK6 by inducing G~0~/G~1~ cell cycle arrest through AMPK amplification.\
(**A**--**B**) Flow cytometry assay of H1975 cells transfected with pcDNA-PCAT-1/pcDNA or si-PCAT-1/si-Control and then subjected to cell cycle analysis. The results represent the mean ± SD of three independent experiments. (**C**) Histogram showing each phase of the cell cycle following transfection of H1975 cells with pcDNA-PCAT-1/pcDNA or si-PCAT-1/si-Control. (**D**) The protein expression levels of p21, p27, cyclin D2, cdk4 and AMPK were assayed by Western blot following transfection of A549 cells with si-PCAT-1/si-Control. A549 cells were transfected with siRNA against PCAT-1 (4 μg) for 24 h. (**E**) Densitometric analysis of each protein level was calculated from the average of three experiments. Each value was expressed as the ratio of the measured protein to GAPDH level. Data represent the mean ± SD of three independent experiments (^\*^ *P* \< 0.05; ^\*\*^ *P* \< 0.01).](oncotarget-11-2847-g002){#F2}

PCAT-1 triggers the CD133/SOX2-related stem cell phenotype of metastatic tumor cells via myofibroblast activation {#s2_3}
-----------------------------------------------------------------------------------------------------------------

Recent reports reveal that CAF can regulate lncRNA expression in tumor microenvironment and amplify their tumorigenicity \[[@R34], [@R35]\]. To assess this we treated lung tumor cells with conditioned medium (CM) derived from normal fibroblasts (NF) or CAFs and we investigated the role of self renewal mechanism in lung TME. Moreover, compared to the NF-treated cells, the expression of cancer stem cell (CSC) markers CD44, CD133, OCT-4 and SOX2, was significantly upregulated in the CF group ([Figure 3A](#F3){ref-type="fig"}). Specifically, the high expression levels of CD133 and SOX2 play a crucial role in the acquisition of metastatic phenotype by tumor cells, and are also implicated in cancer cell differentiation \[[@R36]\]. Suppression of PCAT-1 inhibited the self-renewal acquisition mechanism in lung tumor cells, and it significantly reduced the expression of CSC markers ([Figure 3B](#F3){ref-type="fig"}). Next, we investigated the sphere forming capacity of CAF/NF-treated cells in the presence or absence of KRAS. Data analysis reveal that KRAS overexpression in CAF medium enhanced the sphere-propagating capacity in lung cancer cells, in comparison with NF of CAF alone groups ([Figure 3C](#F3){ref-type="fig"}--[3D](#F3){ref-type="fig"}). To further characterize CAF phenotype the expression of fibroblast specific biomarkers was measured. RT-PCR analysis of CAF-related genes, including alpha-smooth muscle actin (a-SMA) fibroblast activation protein (FAP), fibroblast specific protein 1 (FSP1), and CD90, were distinctly unregulated compared to the expression in NFs ([Figure 3E](#F3){ref-type="fig"}). Interestingly, both groups show myofibroblast activation as indicated by the myofibroblast biomarkers vimentin and paladin ([Figure 3F](#F3){ref-type="fig"}). In particular, CAF-treated cells show a highly significant positive expression of these markers which indicates the correlation of myofibroblasts with disease progression and metastasis. As myofibroblasts have been reported to play a key role in immune suppression and chemoresistance we decided to monitor cell populations of ALDH1^+^ tumor which express cancer stem cell marker and correlate with poor prognosis. By using the AldeRed detection assay ALDH1 high cell population was augmented by PCAT-1 overexpression and was down-regulated in the siPCAT-1 knockdown group ([Figure 3G](#F3){ref-type="fig"}--[3H](#F3){ref-type="fig"}). These findings indicate the key role of PCAT-1 in sculpturing the stem cell phenotype of metastatic tumor cells via CAF/myofibroblast activation.

![PCAT-1 activates the CD133/SOX2-related stem cell phenotype of metastatic tumor cells via myofibroblast differentiation.\
(**A**) qRT-PCR was employed to analyze the mRNA levels of the CSC-related genes CD44, CD133, OCT-4 and SOX2. (**B**) Effect of PCAT-1 knockdown in CSC gene expression. (**C**) Representative images from sphere formation assay following cell incubation with various culture mediums for 48 h. (**D**) Quantitative analysis of the sphere formation rates. Data represent the mean ± SD of three independent experiments. (**E**) RT-PCR analysis of the CAF-related genes a-SMA, FAP, FSP1, and CD90. (**F**) Western blot analysis of the myofibroblast biomarkers Vimentin and Palladin in NAF/CAF-treated cells. (**G**) AldeRed detection assay was performed to detect ALDH1^+^ cell populations. (**H**) Statistical analysis of the number of ALDH1^+^ cells in each group. Data represent the mean ± SD of three independent experiments (^\*^ *P* \< 0.05; ^\*\*^ *P* \< 0.01). For the RT-PCR GAPDH was used as an internal control in the mRNA analysis experiments.](oncotarget-11-2847-g003){#F3}

Crosstalk of PCAT-1 with immunosuppressive miR182/miR-217 signaling axis {#s2_4}
------------------------------------------------------------------------

Increasing evidence suggests that lncRNAs can act as ceRNAs and regulate the expression of specific miRNAs \[[@R37], [@R38]\]. To better comprehend this mechanism of PCAT-1 induced immunosuppression we investigated the role of known immunosuppressive miRs miR-182 and miR-217 in lung microenvironment remodeling. Metastatic H1299 and H1975 lung cells were treated with siPCAT-1 and miR-182/miR-217 inhibitors and subjected to invasion or migration analysis respectively ([Figure 4A](#F4){ref-type="fig"}--[4D](#F4){ref-type="fig"}). Co-treatment with siPCAT/miR-182 inhibitor significantly reduced the percentage of migrated cells compared with siPAT-1 or miR-182 inhibitor alone. ([Figure 4C](#F4){ref-type="fig"}--[4D](#F4){ref-type="fig"}). On the other hand, cells transfected with siPCAT-1/miR-217 inhibitor showed lower reduction in migration rates compared with miR-182 inhibitor group or single treatments. In addition, cell invasiveness was significantly restricted in the siPCAT-1/miR-217 group, whereas co-treatment with siPCAT/miR-182 inhibitor reduced the percentage of invaded in a lower rate ([Figure 4E](#F4){ref-type="fig"}--[4F](#F4){ref-type="fig"}). Since Kras plays a key role in affecting the tumorigenic profile of lncRNAs we decided to investigate the effect of Kras signaling in PCAT-1 and immunosuppressive microRNA signaling. To investigate this hypothesis we performed colony formation assay. Results demonstrate that co-inhibition of Kras/miR-182 downregulates colony formation rate significantly in relation to siKras/siPCAT-1 and control group treatment ([Figure 4G](#F4){ref-type="fig"}--[4J](#F4){ref-type="fig"}, Supplementary Figure 2). These finding designate the decisive role of Kras in establishing lung immunosuppression mainly through miR-182/PCAT-1 participation.

![PCAT-1 regulates expression of immunosuppressive miR182/miR-217 signaling axis.\
(**A**--**B**) Representative images from migration and invasion assays of H1299 cells after transfection with siRNA against PCAT-1 (4 μg) and miR-182 inhibitor (25 μΜ) for 24 h. (**C**--**D**) Representative images from migration and invasion assays of H1975 cells after transfection with siRNA against PCAT-1 (4 μg) and miR-217 inhibitor (25 μΜ) for 24 h. (**E**--**F**) Quantitative analysis of migration and invasion assays following cell transfection. The results represent the mean ± SD of three independent experiments. (**G**--**H**) Colony formation assay of H1975 cells after transfection with siRNA against KRAS (4 μg) and miR-182 inhibitor (25 μΜ) for 24 h. (**I**--**J**) Colony formation assay of H1975 cells following co-transfection with siRNAs against KRAS (4 μg) and PCAT-1 (4 μg) for 24 h. Differences were considered statistically significant at *p* \< 0.05. Statistically significant data are indicated by asterisks (^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01).](oncotarget-11-2847-g004){#F4}

Enhanced expression of PCAT-1 triggers CAF infiltration via miR182/miR217 amplification {#s2_5}
---------------------------------------------------------------------------------------

To further comprehend the link between siPCAT-1 and Kras-dependent remodeling of lung microenvironment we decided to study the expression and systemic differentiation of fibroblast populations in primary and secondary tumors. Since fibroblasts are a heterogeneous population of differentiated fibrotic cells (CAFs, NAFs), their induction and infiltration as well as their correlation with disease progression remains unknown. For that reason we investigated the effect of fibroblast induction and infiltration in PCAT-1 expression. CAFs were isolated from lung tumor samples obtained from patients who had undergone surgical resection. Findings show an enrichment of PCAT-1 expression in CAF population within secondary tumors ([Figure 5A](#F5){ref-type="fig"}). In contrast, PCAT-1 levels were reduced in NAF cells and their infiltration was lower in both primary and lymph node tumors ([Figure 5B](#F5){ref-type="fig"}). Moreover, findings revealed that NAF to CAF differentiation and infiltration were increased dramatically and correlated with detection of metastatic lesions in lymph nodes ([Figure 5D](#F5){ref-type="fig"}). To better comprehend the relationship between PCAT-1 expression and Kras-related CAF induction we employed conditioned medium (CM) derived from normal fibroblasts (NF) and CAFs/Kras (MT) patients. Data analysis depict an upregulation of PCAT-1 expression in CAF and CAF/Kras- treated cells compared to NF-CM group ([Figure 5C](#F5){ref-type="fig"}--[5D](#F5){ref-type="fig"}), indicating the essential role of Kras-dependent CAF differentiation in PCAT-1 induction. In addition, immunosuppressive miR-182/miR-217 levels were significantly increased in CAF and CAF/Kras-treated cells respectively ([Figure 5E](#F5){ref-type="fig"}--[5F](#F5){ref-type="fig"}).

![Enhanced expression of PCAT-1 triggers CAF infiltration via miR182/miR217 amplification.\
(**A**) mRNA expression levels of PCAT-1 in isolated CAFs or NAFs. (**B**) Percentage of cell population of CAFs/NAFs in primary lung tumor or LN metastatic tissues. The results represent the mean ± SD of three independent experiments. (**C**--**D**) Immunofluorescence analysis of PCAT-1 expression in H1975 cells (Magnification ×200). Cells were treated with various medium for 48 h. Images were captured using Carl Zeiss fluorescence confocal microscope. Data represent the mean ± SD of three independent experiments (^\*^ *P* \< 0.05; ^\*\*^ *P* \< 0.01). (**E**--**F**) Relative expression of miR-182/miR-217 in metastatic H1299 cells treated with CAF/CAF-Kras/NAF mediums derived from cancer patients in comparison with control (PBS). Data represent the mean ± SD of three independent experiments. Differences were considered statistically significant at *p* \< 0.05. Statistically significant data are indicated by asterisks (^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01).](oncotarget-11-2847-g005){#F5}

Exosomal PCAT-1 promotes tumor growth and guides lymph node metastasis *in vivo* {#s2_6}
--------------------------------------------------------------------------------

Latest studies depict that lncRNA expression is vastly regulated by exosomes present in lung tumor microenvironment, that create an immunosuppressive tumor promoting status \[[@R39], [@R40]\]. To investigate this hypothesis, we quantified PCAT-1 expression in exosomes, extracted from serum of LC patients (Supplementary Figure 3). As shown in [Figure 6A](#F6){ref-type="fig"}, exosomal PCAT-1 is highly expressed in Kras (MT) patients in comparison with Kras (WT) individuals ([Figure 6A](#F6){ref-type="fig"}). Similarly, a positive correlation was observed between PCAT-1 expression and miR182/miR-217 respectively ([Figure 6B](#F6){ref-type="fig"}--[6C](#F6){ref-type="fig"}). However, the degree of correlation was higher in miR-217 in comparison with miR-182 (R = 0.57 vs R = 0.48). To better understand this mechanism, we performed exosome characterization by electron microscopy analysis ([Figure 6D](#F6){ref-type="fig"}). The results showed that exosomal PCAT-1 concentration is highly present in Kras (MT) group than in serum exosomes derived from Kras (WT) patients ([Figure 6E](#F6){ref-type="fig"}). To further confirm the expression of exosomal PCAT-1 in tumor stroma, we isolated CAFs and NFs from LC tissues and adjacent normal tissues. Both Exo-CAF/NAF treatment significantly enhanced expression of the cell proliferation marker Ki-67. Further treatment with exosome inhibitor GW-4868 could not rescue PCAT-1- related proliferation ([Figure 6F](#F6){ref-type="fig"}--[6G](#F6){ref-type="fig"}). To better assess the effect of PCAT-1 *in vivo*, we tested the anti-tumor mechanism of PCAT inhibition in mouse model. Tumor examination analysis results revealed a significant decrease in the lung tumor volume of siPCAT-1-treated mice compared to vehicle treated mice ([Figure 6H](#F6){ref-type="fig"}--[6I](#F6){ref-type="fig"}). Further, co-treatment with siPCAT-1/miR-217 IN-treated cells, reduced significantly tumor growth in mice in comparison with siPCAT alone, siPCAT-1/miR-217 NC or control (PBS) group ([Figure 6I](#F6){ref-type="fig"}). Next, to determine the effects of PCAT-1 inhibition on secondary metastasis, an *in vivo* metastasis assay was employed. Findings reveal, an increased number of lymph node metastatic foci in siPCAT-1/miR-217 IN group compared with siPCAT-1-treated mice ([Figure 6J](#F6){ref-type="fig"}--[6K](#F6){ref-type="fig"}) Furthermore, following treatment GW-4869- and GW-4869/siKras -treated mice exhibited reduced tumor formation, in comparison with control/siPCAT-1 groups ([Figure 6J](#F6){ref-type="fig"}--[6K](#F6){ref-type="fig"}). Data reveal that mice administered with siPAT-1 cells show a slightly delayed tumor progression accompanied by low level survival rate (data not shown). Mice injected with siPCAT-1 alone had a significantly shorter median overall survival after tumor implantation (32 days) than mice injected with the siPCAT-1/miR-217 IN (median overall survival, 48 days). These results confirm that blockage of PCAT-1/miR-217 pathway suppresses lung tumor growth along with metastatic potential and prolongs survival in nude mice.

![Exosomal PCAT-1 promotes tumor growth and guides lymph node metastasis *in vivo*.\
(**A**) Levels of PCAT-1 in serum exosomes were measured using RT-PCR. (**B**--**C**) Graph showing positive correlation between the miR-182/miR-217 ratio and exosomal PCAT-1 levels. Degree of correlation was higher in miR-217 in comparison with miR-182 (R = 0.57 vs R = 0.48) (**D**) Uptake of PKH67-labeled exosomes by LC/DR cells. Confocal microscopy image of PKH67-labeled cells (green) and exosomes (red). Images were captured using Carl Zeiss fluorescence confocal microscope. (**E**) Exosomal concentration of Kras (WT/MT) cells. Data represent the mean ± SD of three independent experiments (^\*^ *P* \< 0.05; ^\*\*^ *P* \< 0.01). (**F**) Immunohistochemical staining for Ki-67 in lung biopsies from control subjects and biopsies treated with exosomes and GW-4869. Sections of human lung biopsies were obtained from patients with lung cancer and following Kras/exosome inhibition treatment (50 μΜ, 1 h). Human Ki-67, was detected using anti-human monoclonal antibody. Staining with mouse IgG1 isotype was used as the negative control. (**G**) Quantification of immunohistochemistry by the intensity of the positive immunosignals in the tissue sections are showed in histograms (^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01). Images were obtained through a Carl Zeiss microscope using image analysis software (Scale bar, 50 μm). Stained tumor cells are shown at a final magnification (×400). (**H**) Representative photographs of excised tumors from mice after treatment with siPCAT-1 and miR-217 inhibitor. (**I**) Tumor growth curve of mice treated in the different groups. Survival rates of tumor-bearing mice after a 60-day tumor challenge in each group. Data were given as the mean ± SD (*n* = 6) (^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01). (**J**) *In vivo* metastatic analysis of lymph node metastasis from siPCAT-1 and siPCAT-1/miR-217 IN-treated groups. Images showed representative lymph node metastatic foci highlighted in yellow from different groups. (**K**) Statistical analysis of the number of metastatic foci of each group. Data represent the mean ± SD of three independent experiments. Differences were considered statistically significant at *p* \< 0.05. Statistically significant data are indicated by asterisks (^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01).](oncotarget-11-2847-g006){#F6}

DISCUSSION {#s3}
==========

Emerging evidence reveal that tumor-induced immunosuppression in metastatic lung carcinoma mainly depends on the interactions of noncoding RNAs, including miRNAs and lncRNAs with tumor stroma and immune cells inside the tumor microenvironment \[[@R41], [@R42]\]. Recently NKILA, an NF-κB-interacting long noncoding RNA (lncRNA) was shown to promote tumor immune evasion by sensitizing T cells to activation-induced cell death and increasing CTL infiltration \[[@R43]\]. Similarly lncRNA SATB2-AS1 inhibits tumor metastasis and affects the tumor immune cell microenvironment by regulating SATB2 and increasing T~H1~-type chemokines expression and immune cell density \[[@R44]\]. Likewise, our findings reveal PCAT-1 to regulate Kras-related lung chemoresistance through increased expression of the immunosuppressive micrornas miR-182/miR217 in lung tissues, thus promoting a pre-metastatic niche formation and a subsequent increase in lung metastatic burden (Supplementary Figure 4). However, lncRNAs can also alter the metabolic profile of stroma cells and trigger tumor cell remodeling \[[@R45]\]. For example, LncRNA EPB41L4A-AS1 can regulate glycolysis and glutaminolysis by mediating nucleolar translocation of HDAC2. Specifically, it functions as a repressor of the Warburg effect and plays important roles in metabolic reprogramming of cancer cells \[[@R46]\]. Consistent with this, lncRNA ANRIL is up-regulated in nasopharyngeal carcinoma and promotes cancer progression via reprogramming cell glucose metabolism and inducing side-population stem-like cancer cells \[[@R47]\]. In many cases, lncRNAs are contained in exosomes and released by them inside the tumor stroma, mediating rapid immune suppression or chemoresistance \[[@R48]\]. Likewise exosome-transmitted lncARSR can promote sunitinib resistance by binding miR-34/miR-449 to facilitate AXL and c-MET expression in renal cancer, acting as a competing endogenous RNA \[[@R49]\]. Similarly, tumor-derived exosomal lnc-Sox2ot promotes EMT and stemness by acting as a ceRNA in pancreatic ductal adenocarcinoma \[[@R50]\]. In agreement with this, our results showed that exosomal PCAT-1 contained in CAFs triggers a CD133/SOX2-related stem cell phenotype which promotes tumor growth and guides lymph node metastasis *in vivo*. New data show that certain lncRNAs can reprogram stromal cells which are associated with the development and maintenance of immunosuppression \[[@R51]\]. For instance, Lnc-CAF reprograms fibroblasts to promote the growth of oral squamous cell carcinoma via p62-dependent autophagy-lysosome degradation of IL-33 and a-SMA/Ki67 upregulation \[[@R52]\]. Furthermore, tumor-associated macrophages (TAMs) enhance the aerobic glycolysis and apoptotic resistance of breast cancer cells via the extracellular vesicle (EV) transmission of a myeloid-specific lncRNA, HIF-1α-stabilizing long noncoding RNA (HISLA) \[[@R53]\]. Due to this dual role in balancing stroma cell reprogramming and tumor microenvironment remodeling, lncRNAs can influence the characteristics of neoplasia by favoring heterogeneity, metastatic potency and tumor-related chemoresistance \[[@R54], [@R55]\]. In conclusion, our findings reveal for the first time the key role of lncRNA PCAT-1 in regulating Kras-related lung chemoresistance and its role in tumor stroma remodeling via immunosuppressive miR-182/miR217 expression. Aberrant expression of PCAT-1 in the tumor microenvironment triggers fibroblast differentiation which negative regulates p27/CDK6 by inducing G~0~/G~1~ cell cycle arrest and AMPK augmentation, contributing to a tumor-favoring metabolic status. Our findings highlight the crucial relationship between CAFs and PCAT-1 which establish a CD133/SOX2-related stem cell phenotype and promote cancer cell chemoresistance. Decoding these molecular mechanisms and their impact in chemotherapy induction is essential for introducing novel immune-based strategies to restore and maintain antitumor immunity in chemoresistant metastasis.

MATERIALS AND METHODS {#s4}
=====================

Ethics statement {#s4_1}
----------------

The study was approved by the Ethics Committee on human experimentation of the AHEPA Hospital, Medical School, Aristotle University of Thessaloniki and informed consent was obtained from each patient before the surgical procedure.

Lung cancer tissue samples {#s4_2}
--------------------------

Lung cancer tissues were obtained from AHEPA Hospital, Medical School, Aristotle University of Thessaloniki (Thessaloniki, Greece). Tissue samples were collected in the operating room immediately after surgery with non-tumor tissues sent to Pathology for diagnosis by a certified pathologist. For each patient, a frozen tumor sample (stored at 80^°^C) and a paraffin-embedded tissue specimen were available. A written consent was obtained from 96 lung cancer (NSCLC) patients, 37--88 years of age, prior to surgery, from each patient voluntarily involved in the usage of tissues solely for research purposes (Supplementary Table 1). Patients had read and understood the patient information document provided, and the aims and methods of this study had been fully explained to them. Patients involved had also given written informed consent to authors of this manuscript for publication of these data. The study protocol was approved by the Investigational Review Board and Oncology Council of the 'AHEPA' General Hospital, Aristotle University of Thessaloniki (Ref. Number 734/2017). Written informed consent was obtained from each patient before study enrollment.

Cell culture {#s4_3}
------------

Human lung adenocarcinoma cells A549 were grown in DMEM, supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 μg/ml streptomycin (Biochrom AG, Berlin, Germany). The epithelial lung cancer H1975 cells were grown in RPMI-1640 (Invitrogen, Carlsbad, USA) and were supplemented with 10% heat-inactivated fetal calf serum (FCS). Both cell lines were grown to confluence and maintained in a humidified atmosphere at 37°C and 5% CO2.

*Ex vivo* tissue culture {#s4_4}
------------------------

Lung tumor samples from consenting Kras (chemoresistant/chemonaive) cancer patients at the AHEPA Hospital Oncology unit were collected, transferred to research lab in cold media, and processed in a sterile tissue culture hood. The culture protocol is modified based on previous studies \[[@R56]--[@R58]\]. Briefly, the culture medium consists of Dulbecco's modified Eagles's medium supplemented with 5% fetal calf serum (FCS), 10 mM HEPES, 0.5 μg/ml Hydrocortisone, 1% MEM vitamins solution, 5 μg/ml insulin, 100 IU/ml penicillin, 100 μg/ml streptomycin, and 15 μg/ml gentamicin. The tissue is placed in a sterile glass dish where all necrotic and visible connective tissue is removed. Tissue samples are cut in 0.5 cm^3^ to 1.0 cm^3^ slices via a cryotome and placed in a 6-well tissue culture dish with 2 ml of growth media. The dish is placed in a 37°C, 5% CO~2~ incubator for 24 h. After 1 day in culture, the tissue slices were subjected to immunohistochemical analysis.

Animals {#s4_5}
-------

Six weeks old male athymic nude were purchased from the Jackson laboratory (Bar Harbor, ME) and were housed under pathogen-free environment. To establish xenografts in mice, A549 (3 × 10^6^) cells transfected with pcDNA-NC/pcDNA-PCAT-1 or miR-217NC/miR-217IN were subcutaneously inoculated into the left flank of the nude mice. Tumor volumes were calculated using the mathematical equation length × width^2^ × 0.5. Tumor volume was determined every week for 4 weeks after cell injection. The animals were then sacrificed, and xenograft tumors were weighed. Xenograft tumor samples were formalin fixed, paraffin-embedded, and sectioned. Then tissue sections were deparaffinized, rehydrated, and incubated with anti- Ki-67 antibody. The mice were maintained at the Department of Medicine, Animal Resources Facility of the Aristotle University. All of the protocols were approved by the Aristotle University Ethics Committee (AUEC) in accordance with the NIH Guidelines for the Care and Use of Laboratory Mice.

Immunohistochemistry {#s4_6}
--------------------

Biopsy lung tissue samples were immediately collected after surgical procedure. Then, tissues were treated with anti-human Ki-67 monoclonal antibody (Applied Biosystems, Foster City, CA). Staining with mouse IgG1 isotype was used as the negative control. Images were obtained through a Carl Zeiss microscope using image analysis software (Carl Zeiss, Berlin, Germany). The number of positive stained cells relative to the total number of cells in the tissue sections and the intensity of the positive immunosignals were quantified with Aperio ImageScope software (Vista, CA).

Statistical analysis {#s4_7}
--------------------

The results are expressed as mean ± SD from at least three separate experiments performed in triplicate. The differences between groups were determined with a two-tailed Student's *t-test* or ANOVA using GraphPad software. The results represent the mean ± SD of at least three independent experiments. Differences were considered statistically significant at *p* \< 0.05. Statistically significant data are indicated by asterisks (^\*^ *p* \< 0.05, ^\*\*^ *p* \< 0.01).
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LncRNA

:   Long non-coding RNA

CAFs

:   cancer-associated fibroblasts

PCAT-1

:   Prostate cancer-associated transcript 1

CDK6

:   cell division protein kinase 6

FOXP3

:   forkhead box P3

AMPK

:   AMP-activated protein kinase

HIF-1A

:   hypoxia-inducible factor 1-alpha

SOX2

:   SRY (sex determining region Y)-box 2

a-SMA

:   alpha-smooth muscle actin

ALDH1

:   aldehyde dehydrogenase 1
